; SH-EP is the major papain-type proteinase expressed in cotyledons of germinated Vigna mungo seeds. The proteinase possesses a KDEL sequence at the C-terminus although the mature form of SH-EP is localized in vacuoles. It has also been shown that the proform of SH-EP is accumulated at the edge or middle region of the endoplasmic reticulum, and the accumulated proSH-EP is directly transported to vacuoles via the KDEL-tailed cysteine proteinase-accumulating vesicle, KV. In this study, to address the transport machinery of proSH-EP through KV, putative receptor for proSH-EP was isolated from membrane proteins of cotyledons of V. mungo seedlings using a proSH-EPimmobilized column. The deduced amino acid sequence from cDNA to the protein revealed that the putative receptor for proSH-EP is a member of vacuolar sorting receptor, VSR, that is known to be localized in the Golgi-complex and/or clathrin coated vesicle. We carried out subcellular fractionation of cotyledon cells and subsequently conducted SDS-PAGE/immunoblotting and immunocytochemistry with anti-V. mungo VSR (VmVSR) or SH-EP antibody. The results showed that VmVSR is co-localized in the fraction of the gradient in which KV existed.
Introduction
The cell compartments maintaining acidic pH, such as vacuole and lysosome, are essential organelles of plant, animal and yeast cells for digestion of cell component (Boller and Kende 1979) or storage of protein and starch (Bewley and Black 1994) . Although most of vacuolar/lysosomal proteins are synthesized on membrane-bound ribosomes and then transported to final destinations via general endomembrane system (i.e. from endoplasmic reticulum [ER] , to vacuole/lysosome through Golgi-complex), different sorting signals on the proteins to such acidic organelles function between animal and plant cells. In animal cells, mannose-6-phosphate residues on Asn-linked oligosaccharide chain on the polypeptide that is recognized by mannose-6-phosphate receptor is the major targeting signal to the lysosome (reviewed in Kornfeld 1992 ). In the case of plant cells, however, some amino acid sequences within vacuolar proteins are known to be determinants for vacuolar sorting Raikhel 1992, Nakamura and Matsuoka 1993) . To date, three types of such signals have been reported for sorting of vacuolar proteins. The first is Asn-ProIle-Arg (NPIR)/Asn-Leu-Pro-Ser (NLPS) core sequencedependent vacuolar targeting. The NPIR motif was identified in the N-terminal propeptide of sporamin, a storage protein of sweet potato (Matsuoka and Nakamura 1991) , and that of aleurain, a barley cysteine protease (Holwerda et al. 1992) , and the NLPS motif was in the C-terminal propeptide of pumpkin 2S albumin (Shimada et al. 1997) . Koide et al. (1997) recently reported that the NPIR sequence functions as a vacuolar sorting signal even when the signal was fused at the C-terminus of the non-vacuolar proteins. The second class is hydrophobic Cterminal propeptides that were found in barley lectin (Bednarek and Raikhel 1991) and tobacco chitinase (Neuhaus et al. 1994) . In addition to the above mentioned two signals, phytohemagglutinins are known to possess the vacuolar targeting signal in the mature protein region (Tague et al. 1990) . Although these vacuolar sorting motif/amino acid residues have been reported, the vacuolar sorting pathways mediated by these sorting signals are known to be in a Golgi-complex dependent manner.
Recently, Golgi-complex independent vacuolar sorting route of a vacuolar cysteine proteinase has been revealed (Toyooka et al. 2000) . In higher plants, a number of unique papain-type proteinases have been identified which possess KDEL-tails at the C-terminus although these proteinases are localized in vacuoles (Akasofu et al. 1989 , Tanaka et al. 1993 , Valpuesta et al. 1995 , Becker et al. 1997 , Lee et al. 1997 , Guerrero et al. 1998 , Schmid et al. 1998 , Cercos et al. 1999 , reviewed in Chrispeels and Herman 2000 . In germinated cotyledons of Vigna mungo seeds, a KDEL-tailed cysteine proteinase, designated SH-EP, is expressed de novo and is involved in degradation of storage proteins accumulated in protein storage vacuoles (Mitsuhashi et al. 1986 , Okamoto et al. 1994 . SH-EP is synthesized in the ER as a proform of 43 kDa through cleavage of the signal sequence, and the proSH-EP is further proc-essed to the enzymatically active 33-kDa mature enzyme via 39-kDa and 36-kDa intermediates during or after transport to vacuoles Minamikawa 1989, Okamoto and Minamikawa 1998) . The KDEL-tail of SH-EP appears to have some function in promoting the storage of SH-EP in the ER as a transient zymogen (Okamoto et al. 1999a) . Immunocytochemical analysis of cotyledon cells of V. mungo seedlings using anti-SH-EP antibody revealed that proSH-EP was accumulated at the edge or middle region of the ER, and the accumulated proSH-EP molecules were packed in a specific vesicle with a diameter of 200-500 nm, termed the KDEL-tailed cysteine proteinase-accumulating vesicle (KV) (Toyooka et al. 2000) . KVs bud off from the ER and are transported to vacuoles through a Golgi-complex independent pathway (Toyooka et al. 2000) . In the present study, to investigate the mechanism of the KV-dependent vacuolar sorting pathway, we isolated a putative receptor, designated VmVSR, that binds to proSH-EP, and characterized the protein. The possible involvement of the receptor in vacuolar transport of proSH-EP will be discussed.
Results

Purification, N-terminal sequencing and cDNA cloning of VmVSR
In order to isolate putative receptor that has potential to bind with proSH-EP, membrane proteins prepared from cotyledons of day-3 V. mungo seedlings were applied to a column in which proSH-EP(C152G)-immobilized Sepharose was packed. Active site cysteine of SH-EP was replaced by glycine to eliminate autocatalytic conversion of proSH-EP to the mature form of SH-EP (Okamoto et al. 1999b) . After application of the membrane proteins to the column and subsequent washing, proteins bound to the column were eluted at an acidic buffer. Separation of the purified protein by SDS-PAGE resulted in detection of single polypeptide with molecular mass of 75 kDa (Fig. 1) . The N-terminal amino acid sequence of the protein was determined to be RFVVEKNSXR. Based on the N- (Paris et al. 1997) , pumpkin PV72 (Shimada et al. 1997) and Arabidopsis ELP (Ahmed et al. 1997) . Identical amino acid residues are boxed. Arrows indicate amino acid sequences of VmVSR where primers were set for PCR. EGFs and TM indicate EGF motifs and the trans-membrane domain, respectively. Closed circles indicate amino acid residues of the tyrosine motif.
terminal sequence of the protein, homologous proteins were database (FASTA)-searched. The results showed that the purified protein has high homology to vacuolar sorting receptors (VSRs) (Fig. 2) , and thus the protein was tentatively termed VmVSR. By screening of the cDNA library from day-3 cotyledons of V. mungo, VmVSR cDNA was isolated. The nucleotide sequence of the cDNA comprised 2,180 bp, with an open reading frame of 1,857 bp encoding a protein of 619 amino acid residues (Accession No. AB056693). The N-terminal amino acid sequence of purified VmVSR corresponded to Arg at position 22 when the initial Met is numbered as 1. Met 1-Gly 21 will correspond to a signal peptide as judged by its hydrophobicity, suggesting the peptide bond at carboxyl side of Gly-21 will be cleaved by signal peptidase (von Heijne 1983) .
Expression of VmVSR mRNA in dry and germinated seeds and in other organs of V. mungo plants
VmVSR mRNA was not detected in cotyledons of dry seeds, but was detected on day-1 cotyledons, and its expression level was decreased thereafter (Fig. 3A) . In the case of SH-EP mRNA, its expression was detected from day-1 cotyledons, reached a maximum level on day-2, and decreased on days 3 and 4 of post-imbibition. These results suggest that VmVSR mRNA is synthesized in cotyledons at an early stage of seed germination. The VmVSR mRNA was detected at 8 h of post-imbibition and its expression level was increased until 16 h of post-imbibition (Fig. 3B ). This expression profile is unique, since four other enzymes developing in cotyledons of germinated V. mungo seeds, SH-EP (Yamauchi et al. 1992 ), =-amylase (Yamauchi et al. 1994) , an asparaginyl endopeptidase (Okamoto and Minamikawa 1999) and a membrane-associated papain-type protease (Okamoto et al. 2001) , were not detected in cotyledons of V. mungo seeds at such an early stage of germination. It may be suggested that VmVSR mRNA is transcribed in an early germination stage to be involved in transport of de novo enzymes.
No VmVSR mRNA was detected in leaves, stems, roots of V. mungo plants or day-3 hypocotyls ( Fig. 3A) . This expression profile of VmVSR mRNA in V. mungo plants was similar to that of SH-EP (Fig. 3A) .
Expression of VmVSR protein and its homologue in cotyledons of dry and germinated seeds of V. mungo
When extracts from cotyledons of dry seeds (day 0) and days 1-5 seedlings were analyzed by SDS-PAGE/immunoblotting with anti-VmVSR antibody, an immunoreactive band of 75 kDa was detected in all extracts although the signal became weak after day 3 of imbibition ( Fig. 4A) . Detection of the immunoreactive band in extracts from dry seeds seems to be inconsistent with the result that no VmVSR mRNA was observed in cotyledons of dry (day-0) seeds (Fig. 3A) . When extracts from day-0 cotyledons were analyzed by two dimensional (2D) PAGE followed with immunoblotting with antiVmVSR antibody, the 75-kDa polypeptide with pI 4.5-5.5 was detected (Fig. 4B ). The molecular mass of 75 kDa of the signal was the same as that of the immunoreactive band which was detected by SDS-PAGE/immunoblotting of extracts from dry seeds (Fig. 4A ). The strong signal detected around 95 kDa with pI of 4-4.5 will be a non-specific signal, since the signal was observed in immunoblot analysis without 1st antibody (Fig. 4B, Mock) . By 2D-PAGE/immunoblotting of extracts from day-2 cotyledons with anti-VmVSR antibody, the immunoreactive protein with molecular mass of 75 kDa and pI between 7-8 was detected in addition to the 75-kDa protein with pI 4.5-5.5. These suggest the possibility that the 75-kDa polypeptide with pI between 4.5-5.5 which was detectable in extracts from day-0 and -2 cotyledons is distinct from that with pI 7-8 detectable only in day-2 cotyledons, and that the former and the latter are VmVSR homologue and VmVSR protein, respectively, since VmVSR mRNA is de novo synthesized in cotyledons (Fig. 3A , B). To ascertain this, extracts from days 0-5 cotyledons were separated by non-denaturing PAGE under the conditions that basic proteins migrate into the gel, and followed by immunoblotting with anti-VmVSR antibody. The results indicated that the immunoreactive protein appeared on days 2 and 3 and disappeared on day 5 (Fig. 4C) , indicating that the immunoreactive protein detected by non-denaturing PAGE/immunoblotting corresponds to VmVSR.
When purified receptor ( Fig. 1 ) was analyzed by 2D-PAGE and immunoblotting with anti-VmVSR antibody, signals from VmVSR and VmVSR homologue were detected (Fig. 4D ). This indicates that purified receptor isolated by proSH-EP-immobilized column is mixture of VmVSR and VmVSR homologue. Although the N-terminal amino acid sequence of the purified products was determined, it may not correspond to VmVSR, since the amino acid sequences around N-terminus of VSRs are highly conserved (Fig. 2) . However, an isolated cDNA for the receptor (Fig. 2) will encode the VmVSR, since VmVSR mRNA which was hybridized with the cDNA was detected only in cotyledons of germinating seeds (Fig. 3A, B) and VmVSR protein is also synthesized de novo in cotyledons (Fig. 4B, C) .
Binding of VmVSR and its homologue to N-terminal prosequence of SH-EP
To make clear the binding of the VmVSR and its homologue to the proSH-EP, membrane proteins form day-0 or 3 cotyledons were used for binding assay using a proSH-EPimmobilized column, since only VmVSR homologue was detected in cotyledons of dry seeds (Fig. 4B) and VmVSR was mainly expressed in day-3 cotyledons ( Fig. 4C) . When membrane proteins from day-0 cotyledons were applied to the column, VmVSR homologue was detected in the fraction of elution (Fig. 5B) , suggesting the binding of the protein to proSH-EP. Binding assay with proteins from day-3 cotyledons indicated the binding of VmVSR to proSH-EP (Fig. 5B) . These results are consistent with the result of 2D-PAGE/ immunoblotting of the purified products with anti-VmVSR antibody (Fig. 4D) .
Next, to observe whether VmVSR binds to the proregion or mature region of proSH-EP, the binding activity of VmVSR was assayed using recombinant mature SH-EP, propeptide-1 (Phe 23-Glu 123) or propeptide-2 (Phe 23-Asn 74)-immobilized column (Fig. 5A ). VmVSR did not bind to the mature SH-EP column (Fig. 5C ), suggesting that VmVSR binds to Nterminal propeptide of SH-EP. The possibility that VmVSR binds to the C-terminal propeptide (Okamoto et al. 1994 ) is excluded, since recombinant mature SH-EP possesses the propeptide (Okamoto et al. 1999b) . When the binding assay was conducted with the propeptide-1 or -2 column, the protein did not show the binding activity to propeptide-2 although propeptide-1 was enough to be bound with VmVSR (Fig. 5C ). These results indicate the possibility that VmVSR binds to the latter half (Lys 75-Glu 123) of N-terminal prosequence of SH-EP.
Subcellular fractionation of cotyledon cells and immunocytochemistry of the fraction from sucrose gradient
Extracts from day-3 cotyledons of V. mungo seedlings that were prepared with buffer containing 0.44 M sucrose was first fractionated by centrifugation, and further fractionated by ultracentrifugation with stepwise sucrose density gradient as described in Materials and Methods. When each fraction from the gradient was analyzed by SDS-PAGE/immunoblotting with anti-SH-EP antibody, band of proSH-EP was detected in the fraction of the interface of 60-70% sucrose solutions (Fig. 6A) . Probing the blots with anti-VmVSR antibody resulted in detec- tion of VmVSR or/and its homologue in all fractions except for the fraction of interface of 40-50% sucrose solutions, but a immunoreactive band with strong intensity was detected in the fraction of the interface of 60-70% sucrose solutions (Fig. 6A) . Immunocytochemical analysis of the fraction of interface of (B) Membrane proteins (3 mg) from cotyledons of dry seeds or day-3 seedlings were applied to the proSH-EP-immobilized column. The protein-loaded column was washed and proteins bound to the column were eluted as described in Materials and Methods. Fractions of loaded sample, pass through, washout and elution were analyzed by SDS-PAGE/immunoblotting with anti-VmVSR antibody. (C) Membrane proteins (3 mg) prepared from cotyledons of day-3 seedlings were applied to the mature SH-EP, propeptide-1 or propeptide-2-immobilized column. After application of proteins, subsequent analyses were conducted as in B. Arrowheads indicate VmVSR.
Fig. 6
Sucrose density gradient analysis of cotyledon cells of V. mungo seedlings. (A) Each fraction from the sucrose density gradient (10 ml) was separated by SDS-PAGE, followed by immunoblotting with anti-SH-EP antibody or anti-VmVSR antibody. In the centrifugation tubes, two bands were appeared around the interface of 50-60% sucrose solutions and were separately recovered as fractions of 50-60% (1) and (2). (B) The fraction of interface of 60-70% sucrose solutions was analyzed by immunocytochemical procedures as described in Materials and Methods. Gold particles from anti-SH-EP antibody are densely localized in the KDEL-tailed cysteine proteinase-accumulating vesicle, KV. A mitochondrion (left panel) and membranous structures (right panel) were also observed. (C) Each fraction from the gradient was analyzed by 2D-PAGE and immunoblotting with antiVmVSR antibody. Fractions of interfaces (1) and (2) of 50-60% sucrose solution were mixed (1 : 1), and the mixture was analyzed as above. Arrowheads indicate VmVSR or VmVSR homologue. 60-70% sucrose solutions with anti-SH-EP antibody was carried out, since proSH-EP has been found to be accumulated in the ER-derived vesicle, KV (Toyooka et al. 2000) . KVs with dense gold particles from anti-SH-EP antibody were observed in the fraction, although there were contaminated organelle/cell compartments in the fraction (Fig. 6B) .
Next, analysis for 2D-PAGE and immunoblotting of each fraction from the gradient with anti-VmVSR antibody was conducted to see which protein, VmVSR or its homologue, exists in each fraction. VmVSR homologue was detected in the fractions of top and interface between 50-60% sucrose solution, but no VmVSR was detected in both fractions (Fig. 6C) . In the fraction of interface between 60-70% sucrose solution, VmVSR was observed in addition to faint signal from VmVSR homologue (Fig. 6C) .
Discussion
VmVSR and its homologue were identified as proteins that bind the proSH-EP-immobilized column (Fig. 1, 4D , 5B). The amino acid sequence of VmVSR deduced from its cDNA showed high homology to other VSRs, BP-80 (Paris et al. 1997) , PV72 (Shimada et al. 1997) , and AtELP from Arabidopsis (Ahmed et al. 1997) . Like other VSRs, VmVSR also consists of signal peptide, ReMembR-H2 (RMR) protein luminal motif (Cao et al. 2000) , three EGF-like motifs, trans-membrane domain and tyrosine motif (Fig. 2) . Expression pattern of VmVSR mRNA indicated that VmVSR gene is transcribed in cotyledons at an early stage of seed germination and that VmVSR mRNA, as well as SH-EP mRNA, is specific to germinated cotyledons of V. mungo seeds (Fig. 3A) . Such temporal and spatial expression profiles of VmVSR mRNA that are analogous to those of SH-EP mRNA may indicate the involvement of VmVSR in binding to SH-EP in cotyledons of V. mungo seedlings. A VmVSR homologue was found in extracts from dry seeds (Fig. 4A, B) , suggesting that VmVSR homologue would be expressed in maturing V. mungo seeds as well as germinated seeds. In fact, two VSRs, BP-80 and PV72, were isolated from maturing pea and pumpkin seeds, respectively (Kirsch et al. 1994 , Shimada et al. 1997 .
Recently, using the protease-digested BP-80 and monoclonal antibody to RMR motif or EGF-like motif, RMR motif and EGF-like motif were revealed to be essential for NPIRspecific and non-NPIR bindings to ligand proteins, respectively (Cao et al. 2000) . Binding assay of VmVSR indicated that VmVSR binds to the latter half N-terminal prosequence of SH-EP, but the binding sequence within the prosequence has not been determined. To identify the amino acid sequence with which VmVSR binds, we have expressed some series of Nterminal propeptide-deleted SH-EP in tobacco cultured cells. However, deletion of a portion of N-terminal propeptide from proSH-EP resulted in rapid degradation of expressed protein in the tobacco cells (data not shown), suggesting the full-length prosequence is essential for correct folding of proSH-EP. On the prosequence of SH-EP, NPIR or NLPS motif is not found. Matsuoka (2000) suggested that VSR family would bind to the amino acid sequence of X 1 -X 2 -Ile/Leu-X 3 -X 4 , X 1 , amino acid residues (AAs) without small hydrophobic side chain; X 2 , nonacidic AAs; X 3 , any AAs; X 4 , AAs with large and hydrophobic residue. On the later half of prosequence of SH-EP, there are two Leu residues (Leu 82 and 84) and no Ile residue. Leu 82 or Leu 84 may be one of essential amino acid residues for binding of VmVSR to proSH-EP.
BP-80 was purified from clathrin-coated vesicle (CCV) of cotyledons of maturing pea seeds (Kirsch et al. 1994) , and AtELP is revealed to function as a transport receptor between the Golgi-complex and prevacuole via CCV (Ahmed et al. 2000) . In addition, the tyrosine motif is known to interact with the adaptor protein (AP) that is a constituent of CCV (Trowbridge et al. 1993 , Ohno et al. 1995 . However, these findings that VSRs are localized in trans-Golgi and CCV may not be suitable for VmVSR, since proSH-EP was shown to be transported to vacuoles via ER-derived KVs (Golgi-complex independent pathway) (Toyooka et al. 2000) . Therefore, VmVSR or its homologue was expected to be localized in/on KV. It was notable that VmVSR was detected only in the fraction of sucrose gradient in which KV existed, and VmVSR homologue was detected in the fractions where no proSH-EP was observed (Fig. 6A-C) . These may suggest that VmVSR, which co-migrate with proSH-EP in sucrose gradient, is localized in/ on KV, and that VmVSR homologue function in the Golgicomplex or CCV as described in BP-80 (Kirsch et al. 1994) and AtELP (Ahmed et al. 2000) . VmVSR homologue will be involved in the transport of other vacuolar proteins, such as asparaginyl endopeptidase (Toyooka et al. 2000) , membraneassociated papain-type protease (Okamoto et al. 2001 ) and =-amylase (data not shown), which are transported to vacuoles through the Golgi-complex, although the possibility that VmVSR also functions in Golgi-complex or CCV cannot be excluded. To see localization of VmVSR, immunogold-staining of the fraction of interface between 60-70% sucrose solutions with anti-VmVSR antibody was conducted, but no gold particle was observed in any cell compartments as well as in KV (data not shown), suggesting the antibody is not suitable to immunocytochemical analysis. In the present study, we suggest the possibility that VmVSR functions as a vacuolar sorting receptor for KDEL-tailed cysteine proteinase (SH-EP) that is transported via KV, and that VmVSR homologue functions in transport of vacuolar proteins that are sorted through the Golgi-complex.
Materials and Methods
Plant materials
Vigna mungo seeds were germinated on layers of wet filter paper at 27°C in darkness, and cotyledons were collected on days 1 to 5 of post-imbibition. Plants were grown at the experimental farm of the Tokyo Metropolitan University from May to September. Leaves, stems and roots were harvested from fully grown plants and stored at -80°C until use.
Preparation of proSH-EP, mature SH-EP, propeptide-1 (Phe 23-Glu 123) or propeptide-2 (Phe 23-Asn 74)-immobilized column
The recombinant proform of SH-EP (C152G) whose active site cysteine was replaced by glycine was prepared as described (Okamoto and Minamikawa 1999) , and the recombinant proSH-EP (C152G) (5 mg) was immobilized to 5 ml of ECH Sepharose 4B gel (Amersham Pharmacia Biotech, Little Chalfont, U.K.) according to the manufacturer's instructions. The proSH-EP-immobilized Sepharose was packed into a column (1´10 cm) and used for purification of putative receptor for proSH-EP. Recombinant mature SH-EP and propeptide-2 (Phe 23-Asn 74)-immobilized Sepharose 4B was prepared as described (Toyooka et al. 2000) . In order to amplify the DNA encoding propeptide-2 (Phe 23-Glu 123) of proSH-EP, primers for T7 promoter (ATTAATACGACTCACTATAG) and for SH-EP cDNA (CCAAC-CTACTCATACATGAA) were set to a pET17b vector (Novagen, Madison, WI, U.S.A.) harboring signal-sequence-deleted SH-EP cDNA (Okamoto et al. 1999b) . PCR was performed in a 100 ml volume for 30 cycles (94°C, 1 min; 50°C, 2 min; 72°C, 2 min), and the amplified fragment was subcloned into a pGEM-T Easy vector (Promega, Madison, WI, U.S.A.). The insert DNA in the vector was cut by NdeI and SpeI, and the excised fragment was subcloned to the pET17b vector cut by the same enzymes. Recombinant propeptide-2 and propeptide-2-immobilized columns were prepared as above.
Purification of receptor for proSH-EP and determination of its Nterminal amino acid sequence
Purification procedures were conducted as described (Shimada et al. 1997 ) with some modifications. Cotyledons (100 g) of 3-day-old seedlings were gently ground in a mortar and pestle with 250 ml of 0.2 M Tris-Cl (pH 7.4) buffer containing 0.44 M sucrose, 1 mM EDTA and 0.1 mM MgCl 2 . The homogenate was centrifuged at 800´g for 10 min, and then at 4,500´g for 30 min. The supernatant was centrifuged at 100,000´g for 30 min, and the precipitate was resuspended with 20 ml of 20 mM Tris-Cl (pH 7.4) containing 1 mM MgCl 2 and 1 mM CaCl 2 (buffer A). After freezing and thawing the resuspended solution twice, the solution was sonicated twice for 30 s at 40 W (Model UR-20, Tomy Seiko, Tokyo, Japan). The sonicated solution was centrifuged at 100,000´g for 30 min, and the precipitate was solubilized with 1% Triton X-100 in buffer A. The solution was sonicated as above and subsequently incubated at 4°C overnight with shaking. After centrifugation of the sample at 100,000´g for 30 min, nine times volume of buffer A was added to the supernatant to adjust the final concentration of Triton X-100 to 0.1%, and the diluted solution was used as membrane protein fraction. The membrane protein fraction was applied to the proSH-EP (C152G) immobilized column (1´10 cm) that had been equilibrated with 0.1% Triton X-100 in buffer A. After washing the column with 100 ml of the same buffer, the proteins bound to the column was eluted with 25 mM acetate buffer (pH 4.0) containing 150 mM NaCl, 1 mM EGTA and 0.1% Triton X-100, and the eluate was collected. For determination of N-terminal amino acid sequence of the purified protein, 4 ml of the protein was precipitated by trichloroacetic acid, and the precipitate was dissolved with 40 ml of SDS-sample buffer (10 mM Tris-Cl, pH 6.8, 1% SDS, 20% glycerol, 0.05% Bromophenol Blue, 10% 2-mercaptoethanol). After boiling of the sample for 3 min, it was subjected to SDS-PAGE and electroblotted onto an polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, U.S.A.) . The N-terminal amino acid sequence of the protein was determined in an automated sequence analyzer (model 477A, Applied Biosystems, Foster City, CA, U.S.A.).
Isolation of cDNA for the putative receptor
Total RNA was prepared from cotyledons of day-3 V. mungo seedlings as described previously (Suzuki and Minamikawa 1985) , and Poly(A) + RNA was obtained from the total RNA using Oligotex(dT) 30 super (Daiichi Pure Chemical, Tokyo, Japan). Double-stranded cDNA was synthesized from Poly(A) + RNA using Timesaver cDNA Synthesis Kit (Amersham Pharmacia Biotech). Two primers (GGAT-TCCAGRTTYGTIGTIGARAARAA) and (GGATCCRTCIGTIACRW-ARTCCCACCA) were set on the basis of the N-terminal amino acid sequence of VmVSR (RFVVEKN) and conserved sequence of known putative vacuolar sorting signal receptors (WWD(F/Y)TD), respectively. Using these primers together with double-stranded cDNA as a template, PCR was carried out in a 50 ml volume for 45 cycles (94°C, 1 min; 50°C, 2 min; 72°C, 2 min). Following the last cycle, the reaction was incubated at 72°C for 15 min. After gel electrophoresis, amplified DNA fragment (0.85 kb) was cut from the gel, and subcloned into pCR2.1 vector (Invitrogen, Groningen, The Netherlands). After verifying the DNA sequence, the amplified DNA was radiolabeled with [a-32 P]dCTP using a Random Primer DNA Labeling kit (Takara, Ohtsu, Japan), and used as a probe for screening the cDNA library from the day-3 cotyledons. DNA sequencing was conducted using a BigDye Dye Terminator Sequencing Kit (Applied Biosystems) and an ABI 310 DNA sequencer (Applied Biosystems).
Northern blotting
Total RNA was prepared from V. mungo plants as above. A 15 mg of total RNA was denatured and separated by electrophoresis on a 1% agarose gel containing 6% formaldehyde. After blotting onto a Hybond-N nylon membrane (Amersham Pharmacia Biotech), hybridization with the 32 P-labeled VmVSR cDNA was performed at 42°C in a solution containing 50% formamide, 5´SSPE (1´SSPE: 0.15 M NaCl, 10 mM NaH 2 PO 4 , pH 7.4, 1 mM EDTA), 5´Denhardt's solution (100´Denhardt's: 2% BSA, 2% Ficoll, 2% polyvinylpyrrolidone), 0.5% SDS and 0.1 mg ml -1 denatured salmon sperm DNA. The membrane was washed twice at 55°C for 1 h with 2´SSC (1´SSC: 0.15 M NaCl, 15 mM sodium citrate, pH 7.0) containing 0.1% SDS. The radioactive bands were detected by photophorimaging with an image analyzer (BAS 2000, Fuji Film, Tokyo, Japan).
Antibodies
To express partial polypeptide of VmVSR, Arg 22-Ser 306, two primers, (GCTAGCAGGTTTGTGGTGGAGAAGAACAGT) and (GGTACCGTCGGTGACGAAGTCCCACCA), were set to RFVVEKNS and WWDYVTDFS, respectively. Using these two primers and VmVSR cDNA as template, PCR was conducted. Amplified DNA was subcloned to pCR2.1 vector, and the DNA encoding the partial polypeptide of VmVSR was cut out of the vector by NdeI and HindIII. After the DNA insert was subcloned into pET17b vector previously cut by the same enzymes, the partial VmVSR was expressed in Escherichia coli BL21 (DE3) and isolated from the cells as described by Okamoto et al. (1999b) . Using the recombinant protein, antiserum against VmVSR was prepared. For affinity purification of antiVmVSR antibody, recombinant partial VmVSR (5 mg) was immobilized to 2 ml of ECH Sepharose 4B gel as described above. Affinity purified antibody to VmVSR was obtained using the partial VmVSRimmobilized column from antiserum to VmVSR as described (Toyooka et al. 2000) . Antibody to SH-EP was prepared as described elsewhere .
Gel electrophoresis and immunoblotting
SDS-PAGE and immunoblotting was conducted according to Mitsuhashi and Minamikawa (1989) . Non-denaturing PAGE was conducted on 12.5% gel as described (Reisfeld et al. 1962) . A hundred pairs of cotyledons from dry seeds or days-1 to 5 seedlings were frozen with liquid N 2 and homogenized in 15 ml of 100 mM Tris-Cl (pH 7.3) containing 2 mM N-ethylmaleimide, 1% Triton X-100 and 2 mM CaCl 2 . The homogenate was filtered through nylon mesh (100 mm), and the filtrate was centrifuged at 10,000´g for 10 min. Each of 10 ml of the supernatant was used for SDS and Non-denaturing PAGEs. Forty ml of the supernatant was separated by isoelectric focusing (IEF) electrophoresis using a fixed pH gel strip (Immobiline Dry Strip, pH 3-10, Amersham Pharmacia Biotech). After the run of first dimensional electrophoresis and equilibration of the gel strip according to the manufacturer's instructions, proteins in the gel strips were separated by SDS-PAGE.
Subcellular fractionation of cotyledon cells
Day-3 cotyledons (13.3 g) of V. mungo seedlings were gently ground in a mortar and pestle with 100 ml of 50 mM HEPES-KOH (pH 7.5) containing 0.44 M sucrose, 1 mM EDTA and 0.1 mM MgCl 2 . The homogenate was filtered through Miracloth (Calbiochem, San Diego, CA, U.S.A.) and the filtrate was centrifuged at 500´g for 20 min. After centrifugation of the supernatant at 4,500´g for 20 min, the precipitate was resuspended in 8 ml of the same buffer. The resuspension was centrifuged again at 500´g for 20 min, and the supernatant was applied to sucrose gradient centrifugation. To prepare stepwise sucrose gradient, sucrose solutions containing 5 mM MgCl 2 and 1 mM EDTA were used. Into the 13PA tube (Hitachi, Tokyo, Japan), 2 ml each of 70%, 60%, 50% and 40% sucrose solutions were layered. After 2 ml of the supernatant was layered on the top of the gradient, centrifugation was conducted at 100,000´g for 17 h. Bands at the interface of sucrose solutions were recovered and analyzed by SDS-PAGE/immunoblotting with anti-SH-EP or anti-VmVSR antibody, or by 2D-PAGE/immunoblotting with anti-VmVSR antibody.
Immunocytochemistry of the fraction from sucrose gradient
A 0.65 ml fraction of the interface between 60-70% sucrose solutions from the gradient was mixed with an equal volume of fixative (4% formaldehyde, 2% glutaraldehyde, 50 mM HEPES-KOH, pH 7.5) for 2 h at 4°C. The fixed sample was precipitated by spin and dehydrated in a graded ethanol series and embedded in LR White resin (London Resin, Reading, U.K.). Ultrathin sections mounted on nickel grids (600 mesh, Agar Scientific, Stansted, U.K.) were blocked with 10% fetal bovine serum in TBS (25 mM Tris-Cl, pH 7.4, 150 mM NaCl) for 10 min at room temperature. The sections were then labeled with affinity-purified polyclonal antibody to SH-EP (Toyooka et al. 2000) . After being washed with TBS, sections were indirectly labeled with colloidal gold particles coupled to goat anti-rabbit IgG. Goldlabeled sections were then washed with TBS, rinsed in water, and stained with 5% aqueous uranyl acetate. The grids were examined and photographed with a transmission electron microscope (model 1010EX; JEOL, Akishima, Japan) at 80 kV.
